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Multiple sclerosis (MS) is a disease of the central nervous sys-
tem with autoimmune etiology. Susceptibility to MS is linked
to viral and bacterial infections. Matrix metalloproteinases
(MMPs) play a significant role in the fragmentation of myelin
basic protein (MBP) and demyelination. The splice variants of
the single MBP gene are expressed in the oligodendrocytes of
the central nervous system (classic MBP) and in the immune
cells (Golli-MBPs). Our data suggest that persistent inflamma-
tion caused by environmental risk factors is a step to MS. We
have discovered biochemical evidence suggesting the presence
of the inflammatory proteolytic pathway leading to MS. The
pathway involves the self-activated furin and PC2 proprotein
convertases and membrane type-6 MMP (MT6-MMP/MMP-
25) that is activated by furin/PC2. These events are followed by
MMP-25 proteolysis of the Golli-MBP isoforms in the immune
system cells and stimulation of the specific autoimmune T cell
clones. It is likely that the passage of these autoimmune T cell
clones through the disrupted blood-brain barrier to the brain
and the recognition of neuronal, classic MBP causes inflamma-
tion leading to the further up-regulation of the activity of the
multiple individual MMPs, the massive cleavage of MBP in the
brain, demyelination, and MS. In addition to the cleavage of
Golli-MBPs, MMP-25 proteolysis readily inactivates crystallin
aB that is a suppressor of MS. These data suggest that MMP-25
plays an important role in MS pathology and that MMP-25,
especially because of its restricted cell/tissue expression pattern
and cell surface/lipid raft localization, is a promising drug target
in MS.

MS*is a chronic, inflammatory, and T cell-mediated autoim-
mune disease of the central nervous system associated with
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demyelination, axonal loss, and brain atrophy (1). Activated
autoreactive T cells play a central role in MS pathophysiology.
Susceptibility to MS is distantly linked to genetic variations and
environmental risk factors, including vitamin D deficiency and
viral and bacterial infections of the respiratory airways and gas-
trointestinal or urinary tracts (2, 3).

Experimental autoimmune encephalomyelitis (EAE) is an
inducible disease in laboratory animals and a widely accepted
model of MS. EAE is induced by autoreactive CD4" T cells
specific for myelin antigens or by immunization with myelin
antigens or their peptide fragments. Proteolipid protein, myelin
oligodendrocyte glycoprotein, and especially MBP are candi-
date autoantigens in MS. Immunoreactive MBP fragments
appear in the cerebrospinal fluid in MS patients (4, 5).

MBP and its Golli splice variants are transcribed from a sin-
gle gene in humans and mice (6). There are three transcription
start sites in the MBP gene. Transcription from the first site
generates Golli-BG21 and -J37. The classic MBP isoforms are
transcribed from the two downstream sites (7). Because of the
presence of the common exons, the fragmentation of the MBP
isoforms can generate similar immunogenic peptides, includ-
ing the fragment of the 1-15-residue immunogenic region and
a source of a dominant T cell clonotype in EAE (8). The expres-
sion of the classic MBP transcripts is restricted to myelin-form-
ing cells. BG21 and J37 are expressed in the thymus, spleen, and
lymph nodes (7, 9) and in the myeloid lineage cells, including
macrophages, dendritic cells, and granulocytes. Golli-MBPs
play an incompletely understood but important role in MS
(7,10, 11).

Crystallin aB (CRYAB), a member of the small heat shock
protein family (12), also plays an important role in EAE acting
as a brake on several inflammatory pathways in both the
immune system and central nervous system. As a result,
CRYAB ™/~ mice show worse EAE (13). Antibodies against
CRYAB are present in the cerebrospinal fluid of MS patients
and in the serum from EAE mice (14).

Furin, PC1/3, PC2, PC4, PC5/6, PC7, and PACE4 proprotein
convertases (PCs) selectively cleave the RX(K/R/X)R sequence
motif and transform inactive precursors into biologically active

assisted laser desorption ionization time-of-flight; MS, mass spectrometry;
BisTris, 2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol;
RT, reverse transcription; Q-RT-PCR, quantitative RT-PCR; CNPase, 2’,3'-cy-
clic nucleotide 3’-phosphodiesterase; dec-RVKR-cmk, decanoyl-Arg-Val-
Lys-Arg-chloromethyl ketone.
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proteins and peptides (15, 16). PCs are synthesized as pre-pro-
proteins in which the N-terminal prodomain functions as an
autoinhibitor. To become active, PCs autoproteolytically
remove the prodomain (16). Self-activated PCs are then capable
of activating the downstream proteinases, including MMPs.
Because of the overlapping substrate preferences and cell/tis-
sue expression, there is a level of redundancy in the functional-
ity of PCs (17-19).

In MS, MMPs could be responsible for the influx of inflam-
matory mononuclear cells into the central nervous system, con-
tribute to myelin destruction, and affect the integrity of the
blood-brain barrier (20, 21). MMPs comprise a family of 24
enzymes that are expressed by many cell types, especially in
malignancy and inflammation. Membrane-tethered MMPs are
distinguished from soluble MMPs by the additional transmem-
brane and cytoplasmic domains (MT1-3-MMP and MT5-
MMP). In contrast to these four MMPs, MT6-MMP/MMP-25
is attached to the cell membrane via a glycosylphosphatidylino-
sitol anchor. All MMPs are synthesized as zymogens and
require proteolytic removal of the N-terminal prodomain to
become active proteinases. Lipid raft-associated MMP-25 with
the RX(K/R)R motif in its propeptide is activated by furin (16,
22). Among MMPs, the expression of MMP-25 (initially called
leukolysin) is most selectively linked to the leukocyte lineage
cells and up-regulated in certain cancer types, including brain
tumors (23). Because BG21 relocates to the caveolae-enriched
lipid rafts upon phorbol ester stimulation of T cells (24), the
presence of both BG21 and MMP-25 in the lipid raft compart-
ment increases the opportunity for the selective MMP-25 pro-
teolysis of the Golli proteins in the stimulated immune system
cells.

Earlier, we determined that MMP-25 was superior to all of
the other MMPs in cleaving the MBP isoforms (25). We dem-
onstrated that MMP-25 proteolysis of the MBP isoforms gen-
erated, with a near quantitative yield, the immunogenic N-ter-
minal 1-15-residue peptide. This peptide selectively stimulated
the proliferation of the PGPR7.5 T cell clone isolated from mice
with EAE and specific for the 1-15-residue peptide. Consistent
with our results, MMP-25 is up-regulated in the spinal cord of
mice with EAE induced by adoptive transfer of MBP-reactive T
cells (26).

We now hypothesized that persistent inflammation caused
by viral and bacterial infections is an integral step to both
MMP-25 activation and Golli-MBP degradation and to the
onset of autoimmune MS. To test our hypothesis, we demon-
strated that LPS caused the up-regulation of PCs, MMP-25, and
BG21 in the antigen-presenting macrophages. These events
correlated with both the enhanced specific proteolysis of BG21
(a positive regulator of MS) and, simultaneously, the proteolytic
inactivation of CRYAB (a negative regulator of MS) and to the
presentation of the fragmented MBP sequence by the activated
macrophages, thus stimulating the activation and proliferation
of the reactive T cell populations resulting in autoimmunity and
leading to MS.

Collectively, our experimental results suggest that persistent
inflammation caused by viruses and bacteria stimulates the
PC/MMP-25/BG21 proteolytic pathway in the activated anti-
gen-presenting cells and that these events represent a step to
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MS. As a result of our studies and because of its both restricted
cell/tissue expression pattern and cell surface localization, we
have concluded that MMP-25 is a novel and promising drug
target in MS.

MATERIALS AND METHODS

Reagents—All reagents were purchased from Sigma unless
indicated otherwise. Human MBP (18.5-kDa isoform, Gen-
Bank™ AAHO08749) was purchased from Biodesign. The total
brain protein samples extracted from the total brain and from
the medulla oblongata of healthy and MS patients were pur-
chased from the BioChain Institute (Hayward, CA). The frozen
human brain tissue samples obtained from MS patients were
kindly provided by the Human Brain and Spinal Fluid Resource
Center (UCLA, Los Angeles). The CD4™" T cell clone specific to
murine MBP-(1-15) fragment were kindly provided by Dr.
Vipin Kumar (Torrey Pines Institute for Molecular Studies, San
Diego). An inhibitor of proprotein convertases (decanoyl-Arg-
Val-Lys-Arg-chloromethyl ketone; dec-RVKR-cmk) was ob-
tained from Bachem. GM6001 and AG3340 (small molecule
hydroxamate inhibitors of MMPs) were purchased from
Chemicon and kindly provided by Dr. P. Baciu (Allergan),
respectively. A plasmid encoding human CRYAB was a kind gift
of Dr. Lawrence Steinman (Stanford University, Palo Alto, CA).

Antibodies—Murine monoclonal antibody (11-5B) against
the human 2',3'-cyclic nucleotide 3'-phosphodiesterase (CNPase;
oligodendrocyte marker) and the rabbit polyclonal antibody
AB980 against human MBP were from Chemicon. The murine
SMI94 and SMI99 monoclonal antibodies against the 70— 89-
and 131-136-residue fragments of human MBP, respectively,
were from Covance. The rabbit polyclonal antibodies to the
Golli portion of Golli-MBP and to the human PC2 and
MMP-25 were kindly provided by Drs. Celia and Anthony
Campagnoni (UCLA) (27), Robert Day (University of Sheer-
brooke, Quebec, Canada), and Rafael Fridman (Wayne State
University, Detroit, MI), respectively.

Cells—Murine macrophage RAW?264.7 cells were main-
tained in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum. Murine mammary carcinoma 47T1
cells were cultured in Dulbecco’s modified Eagle’s medium,
10% fetal bovine serum supplemented with gentamicin (10
png/ml). Bone marrow macrophages (BMDM) were derived
from murine bone marrow cells by culturing them for 7 days in
a 3-fold diluted medium pre-conditioned by mouse 1L929 cell
fibroblasts. Human breast carcinoma MCF-7 cells were stably
transfected with the full-length human MMP-25 cDNA gene
(GenBank™ AB042328) in the pcDNA3.1-neo vector (MCF-
MMP-25 cells). Stable clones were selected using G418 (400
pg/ml) and analyzed using Western blots with the MMP-25
antibody. To avoid clonal effects, the most efficient multiple
clones were pooled and used in our studies. As a control, we
used MCEF-7 cells stably transfected with the original
pcDNA3.1-neo plasmid (MCF-mock). Where indicated,
cells were treated with 1 ug/ml LPS for 18 —48 h.

Recombinant Proteins—Human PC2 (a kind gift of Dr. Rob-
ert Day, University of Sheerbrooke, Quebec, Canada) was
expressed and purified from the S2 Drosophila expression sys-
tem (Invitrogen) (28). Soluble human furin was purified from
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the stably transfected Sf9 insect cell line (29). The murine BG21
and J37 Golli-MBP isoforms and human CRYAB were ex-
pressed in Escherichia coli and then isolated from the soluble
protein fraction using metal-chelating chromatography (25).

Recombinant MMPs—The individual catalytic domains of
MMP-10 and MMP-12 were purchased from Biomol. The indi-
vidual catalytic domains of MMP-8, MMP-14, MMP-15,
MMP-16, MMP-17, MMP-24, and MMP-25 were expressed in
E. coli and purified from the inclusion bodies in 8 M urea using
metal-chelating chromatography. The purified samples were
then refolded to restore their native conformation and proteo-
lytic activity (30). The recombinant pro-forms of the catalytic
domains of MMP-2 and MMP-9 were purified from the serum-
free medium conditioned by the stably transfected HEK293
cells using the gelatin-column chromatography (31). Pro-
MMP-2 and pro-MMP-9 were activated using 4-aminophe-
nylmercuric acetate as described earlier (31). The purity of the
isolated MMPs was confirmed by SDS-PAGE followed by Coo-
massie staining of the gels. The MMP samples (the purity >95%)
were used in our subsequent studies. The concentration of the
catalytically active MMPs was determined using a fluorescent
assay by titration against a standard solution of a hydroxamate
inhibitor (GM6001 or AG3340) of known concentration (25, 30).
(7-Methoxycoumarin-4-yl)-acetyl-Pro-Leu-Gly-Leu-(3-[2,4-dini-
trophenyl]-1-2,3-diaminopropionyl)-Ala-Arg-NH, (Bachem) was
used as a fluorescent substrate.

RT-PCR of PCs and MMPs in Murine Macrophage
RAW264.7 Cells—The primer sequence we used for the RT-
PCR amplification of furin, PC1/3, PC2, PACE4, PC5/6, and
PC7 (the calculated size of the PCR products was as follows:
399, 457, 261, 456, 510, and 471 bp, respectively) was reported
earlier (32). The primers used for the amplification of MMP-2,
MMP-9, MMP-12, MMP-14, and MMP-25 (the calculated size
of the PCR products was as follows: 278, 343, 297, 285, and 299
bp, respectively) are shown in supplemental Table S1. Total
RNA was isolated from intact RAW264.7 cells or cells treated
for 24 h with 1 pg/ml LPS using a TRIzol reagent and then
additionally purified using a mini RNA Isolation II kit column
(ZymoResearch). The purified RNA samples (250 ng) were used
in the amplification reactions (normally, 30-35 cycles) con-
taining the specific primers (600 nm), Superscript II reverse
transcriptase (Invitrogen) and TagDNA polymerase, or a One-
Step RT-PCR system (Qiagen). The resulting PCR products
were sequenced to confirm their authenticity. Murine glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH; 300 bp) was
used as a control.

Quantitative RT-PCR (Q-RT-PCR)—Total RNA was isolated
from the cells using the RNeasy Maxi kit (Qiagen). RNA (3.0
png) was primed with oligo(dT) and then reverse-transcribed
using the QuantiTech reverse transcription kit (Qiagen).
Q-RT-PCR was performed using an Mx3000p instrument
(Stratagene). The cDNA (25 ng) and the primers (400 nm) were
used in the duplicate 30-ul reactions with the 1X SYBR Green
PCR Master Mix (Applied Biosystems). The sequence of the
primers is shown in supplemental Table S1. PCRs (40 cycles)
were performed using 15 s of denaturing at 95°C, 1 min of
annealing at 58 °C, and 30 s of elongation at 72 °C. PCR product
amplification was monitored by SYBR Green fluorescence and
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FIGURE 1. Representative immunostaining of the healthy and MS brain
sections. A, protein extracts (25 ng of total protein each) from a healthy total
brain and medulla oblongata (left and right lines, respectively) and from the
plague area of the two MS brain samples were analyzed by Western blotting
with the MBP antibody. The extracts were purchased from BioChain Institute
(Hayward, CA). The representative samples are shown. Right lane, purified
MBP (10 ng). B,immunostaining of the brain sections with the MBP and 2’,3'-
cyclic nucleotide 3'-phosphodiesterase (CNPase) antibodies. The staining
with the primary antibodies was followed by a diaminobenzidine-based
detection method. A well demarcated edge (right) is visible between the
plague and the normal brain area. Magnification, X 160. Inset, the phagocytic
macrophages (identified by their characteristic size and morphology) co-lo-
calize with fragmented MBP (brown) in the plaque. The identity of the macro-
phages was additionally confirmed using an antibody against the pan mac-
rophage F4/80 marker (Pharmingen).

normalized relative to the Rox dye standard. A standard curve
was generated with B-actin primers for each tested cDNA sam-
ple, and it proved to be linear over 4 orders of magnitude. This
curve was used to determine the relative differences in cDNA
from changes in C (cycle threshold) values.

Cell Immunostaining—Cells grown in Dulbecco’s modified
Eagle’s medium, 10% fetal bovine serum in LabTek chamber
slides were fixed 15 min in 4% paraformaldehyde and blocked
using 2% bovine serum albumin. For PC2 staining cells were
additionally permeabilized for 4 min using 0.1% Triton X-100.
Cells were then incubated for 2 h with the primary polyclonal
antibodies (dilution 1:500-1:1000) followed by a 2-h incuba-
tion with the goat anti-rabbit secondary antibody conjugated
with Alexa Fluor 488 or Alexa Fluor 594 (Molecular Probes).
The slides were mounted in the Vectashield medium (Vector
Laboratories) containing 4',6-diamidino-2-phenylindole for
the nuclear staining. Images were acquired at a X400 magnifi-
cation on an Olympus BX51 fluorescence microscope equipped
with an Olympus MagnaFire digital camera and the MagnaFire
2.1C software.

Immunohistochemistry—Frozen brain sections from 10
healthy patients and 10 patients with MS were stained with the
SMI94 and SMI99 MBP and the 11-5B CNPase antibodies fol-
lowed by a diaminobenzidine-based detection method employ-
ing the Envision Plus horseradish peroxidase system (Dako-
Cytomation) and an automated Dako immunostainer. The
slides were counterstained, dehydrated, and mounted with per-
manent mounting media. For all tissues examined, the immu-
nostaining procedure was done in parallel using the preim-
mune serum.
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FIGURE 2. MMP-25 is uniquely enriched in the bone marrow. Heat map and the hierarchical bi-clustering of the expression data (log10 of expression level)
of MMPs and their natural inhibitors TIMPs and RECK (Vertical clustering, by the level of expression in the individual tissue types. Right, horizontal clustering, by
gene expression levels, on the top). The data were derived from 356 gene arrays of 65 normal tissue types. Red and green correspond to the high and the low
expression levels, respectively. Black represents an average level of expression. Color map inset shows the distribution (frequency) of different gene expression
levels in the set and related colors. Arrow points to MMP-25 in the bone marrow.

Gene Arrays Analysis and Data Processing—To generate the
heat map and the hierarchical clustering of MMPs and their
physiological inhibitors (tissue inhibitors of metalloprotein-
ase-1, -2, -3, and -4 and RECK), the neurocrine data set (NCBI
GEO code GSE3526) of the genome-wide profiling of 356 sam-
ples of 65 normal tissue types was used. The original raw array
data were processed using the RMA algorithm and further nor-
malized and analyzed using GeneSpring and the HCE program
(33). The processed data were then normalized per every chip
and gene using the default procedure in GeneSpring. Per chip
normalization was to the 50th percentile. Per gene normal-
ization was to the median. Hierarchical clustering of the array
data (loglO0 data) was computed using the average linkage
(Unweighted Pair Group Method with Arithmetic mean) and
correlation distance measure options of the HCE program (33).
Clustering of the tissue types was done using the whole gene set.
The subset of genes was then extracted, and the clustering of
genes was performed within the individual tissue types.
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Cleavage of Protein Substrates—MBP, BG21, J37, and
CRYAB (10 um each) were co-incubated for 1 h at 37 °C with
the individual MMPs (1-100 num; 1:100-1:10,000 enzyme/sub-
strate molar ratio) in 50 mm HEPES, pH 6.8, supplemented with
10 mMm CaCl, and 50 um ZnCl,. MBP, BG21, and J37 (~10 pum
each) were also co-incubated for 3 h with furin (1:4 enzyme/
substrate molar ratio) and PC2 (3—12 activity units) in 100 mm
HEPES, pH 7.5, and 20 mm BisTris, pH 5.6, respectively, both
supplemented with 1 mm CaCl, and 0.005% Brij-35. One activ-
ity unit was equal to the amount of the enzyme that was
required to cleave 1 pmol/min of the pyroglutamic acid-Arg-
Thr-Lys-Arg-methyl-coumaryl-7-amide substrate at 37 °C.
Where indicated GM6001 (2.5 uM) and dec-RVKR-cmk (5 um)
were added to the reactions to inhibit MMPs and PCs, respec-
tively. The cleavage reactions were stopped using a 5X SDS
sample buffer. The digest samples were analyzed by SDS-gel
electrophoresis and MALDI-TOF MS using an Autoflex II
MALDI TOF/TOF instrument (Bruker Daltonics). For MS
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a-cyano-4-hydroxycinnamic  acid
(20 mg/ml) in 50% acetonitrile, 0.1%
trifluoroacetic acid solution were
co-crystallized directly on the
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FIGURE 3. MMP proteolysis of MBP and activation of the specific T cell clone. A, 1-171-residue sequence of
human MBP (GenBank™ accession number AAH08749). The immunogenic regions are shown at the bottom of
the panel using the MBP residue numbering. Following the MBP cleavage by MMPs, the mass and, consecu-
tively, the sequence of the digest fragments were determined by MALDI-TOF MS. The italicized numbers indi-
cate the positions of the cleavage sites. B, MMP-25 proteolysis of MBP, BG21, and J37. Where indicated, an
inhibitor (GM6001) was added to the reactions. C, MMPs cleave MBP and generate the N-terminal peptide that
stimulates the proliferation of the specific T cell clone. MBP (5 um) was cleaved by the indicated MMPs (an
enzyme/substrate molar ratio of 1:100). The irradiated splenocytes from B10.PL mice were incubated with the
cleavage reactions. The PGPR7.5 T cells specific for the murine 1-15-residue MBP peptide and [*H]thymidine
were then added to the reactions. The incorporation of the label into the T cells was measured by liquid
scintillation counting. For MBP alone, intact MBP (5 um) was added to the cells. For cells alone, no peptide was
added. For peptide, the 1-15-residue ASQKRPSQRSKYLATAS MBP peptide (5 um) was used as a control (=
100%). The numbers show the percentage relative to the peptide control. The experiments were repeated four

times, and the data represent the mean = S.E.

analysis, the reactions were cooled on ice, and equal volumes of
a sample and of a sinapic acid (20 mg/ml) in 50% acetonitrile,
0.1% trifluoroacetic acid solution were co-crystallized directly
on the MALDI target plate and allowed to dry for 5 min. Mass
spectra were processed with FlexAnalysis 2.4. The singly
charged cleavage products, which were observed only in the
cleavage reactions but not in the controls, were recorded and
processed further.

Cleavage of Synthetic Peptides—The synthetic peptide
102yRRRRRYALS (1332 Da) that spans the furin cleavage sites
in the human MMP-25 prodomain was synthesized by Gen-
Script. The peptide (1.5 ng) was incubated for 2 h at 37 °C with
furin or PC2 (1 activity unit each) in 100 mm HEPES, pH 7.5,
and 20 mm BisTris, pH 5.6, respectively, both supplemented
with 1 mm CaCl, and 0.005% Brij-35. The mass of the intact
peptide and the '>VRRRRR cleavage product (898 kDa) was
determined by MALDI-TOF MS. dec-RVKR-cmk (5 um) was
added to the reactions to inhibit the PC activity. For mass spec-
trometric analysis, equal volumes of a sample and of an
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10°) were co-incubated for 1 h with
the digest reactions. As controls,
intact MBP, BG21, and J37 and the
murine MBP-(2-18)/Golli-MBP-
(135-151)-peptide ASQKRPSQRS-
KYLATAS (5 uMm each) were used.
The CD4" T cells (5 X 10% clone
PGPR?7.5) specific for murine 1-15-
residue peptide presented in the
major histocompatibility complex
H-2Y context were then added to the
reactions for 72 h. [’H]Thymidine (1
nCi) was added to the cells for 14 h. The incorporation of the label
into the T cells was measured by liquid scintillation counting.

RESULTS

Demyelination and Macrophage Infiltration—MS is char-
acterized by the active degradation of the myelin sheath
resulting in the multiple regions of focal myelin loss (lesions
or plaques) in the central nervous system and by infiltration
of macrophages and lymphocytes that are reactive against
myelin antigens. The results of our Western blotting and
immunostaining studies support these conclusions and
show the loss of MBP in the chronic active plaques of MS
patients. The decrease in MBP correlates both with the pres-
ence of the phagocytic macrophages, which co-localize with
fragmented MBP, and with a loss of oligodendrocytes in the
plaque (Fig. 1).

MMP-25 Is a Bone Marrow Enzyme—T o support the charac-
teristic association of MMP-25 (leukolysin) with the bone mar-
row-derived leukocyte lineage cells, we analyzed the publicly
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FIGURE 4. LPS stimulates the proteolytic pathway in the macrophages. A, LPS up-regulates BG21 in the macrophages. Left, BMDM and RAW264.7 macro-
phage cells were left intact or treated 24 h with LPS. Total RNA extracted from the cells was analyzed by Q-RT-PCR to determine the levels of the BG21 and J37
mRNAs. Right, murine breast carcinoma 4T1 and macrophage RAW264.7 cells were treated with LPS for the indicated time. The cell lysate samples (50 ng of
total protein) were analyzed by Western blotting with the Golli-MBP antibody. The three right lanes show the in vitro cleavage of BG21 by MMP-25 at a
1:100-1:1000 enzyme/substrate molar ratio and intact BG21. The experiments were repeated 3-5 times, and the data represent the mean = S.E. *, p < 0.05.
B, LPS up-regulates MMP-25 in the macrophages. Left, RAW264.7 cells were left intact (—LPS) or treated 24 h with LPS (+LPS). Total RNA extracted from the cells
was analyzed by RT-PCR to determine the levels of the mRNAs of the individual MMPs. GAPDH was used as a control. The calculated size of the amplified
fragments was 278, 343, 297, 285, 299, and 300 bp for MMP-2, -9, -12, -14, -25, and GAPDH, respectively. Right, two independent RAW264.7 cell samples were
leftintact or treated 24 h with LPS. The cell lysate samples (50 g of total protein) were analyzed by Western blotting with the MMP-25 antibody (top panel). The
images were scanned and digitized using the Fujifilm MultiGauge software. The MMP-25 band density (bottom panel) is shown in arbitrary units (AU). These
experiments were repeated 3-5 times with comparable results. *, p < 0.05. C, LPS up-regulates PC2 in the macrophages. BMDM and RAW264.7 cells were left
intact or treated with LPS for 18-36 h. The cell lysate samples (50 p.g of total protein) were analyzed by Western blotting with the PC2 antibody (top panel).
Murine mammary carcinoma 4T1 cells (4T1), which do not produce any significant level of PC2, were used as a negative control. The images were scanned and
digitized using the Fujifilm MultiGauge software. The PC2 band density (bottom panel) is shown in arbitrary units (AU). These experiments were repeated 3-5
times with comparable results. *, p < 0.05.
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available data of the genome-wide profiling of 356 samples of 65
normal human tissues each of which included over 47,000
human gene transcripts. A subset of the resulting data that
relates to the human MMPs and their physiological inhibitors
(TIMPs and RECK) indicates a unique association of MMP-25
with the bone marrow (Fig. 2). Indeed, MMP-25 is the only
MMP that is highly expressed in the bone marrow relative to
other normal human tissues. This parameter explains the ele-
vated expression of MMP-25 in the bone marrow-derived cells,
including the macrophages.

MMP-25 Efficiently Cleaves MBP, BG21, and J37 and Gener-
ates the Immunogenic MBP Peptides—The three purified MBP
isoforms (BG21, J37, and the classic neuronal MBP) were
readily degraded by MMP-25 in the cleavage reactions in vitro
(Fig. 3). The degradation of MBP was detectable at an enzyme/
substrate molar ratio of 1:10,000, whereas at a 1:1000 ratio the
degradation was largely accomplished. These data support our
previous observations that MMP-25 was the most efficient
among all of the individual MMPs we tested for cleaving the
MBP, BG21, and J37 constructs (25).

According to our cleavage data, multiple MMPs, including
MMP-25, were capable of readily generating the C-terminal
and especially N-terminal digest peptides of the MBP portion of
the constructs. These peptides were highly similar to the known
immunogenic sequence regions of MBP that were capable of
causing EAE in animal models (34—36). Generally, because of
the cleavage preference redundancy among MMPs, multiple
individual MMPs are capable of generating, albeit with widely
varying kinetics, similar cleavage peptide sequences as a result
of the proteolysis of the MBP and Golli-MBP isoforms.

To determine which individual MMP most efficiently ge-
nerates the immunogenic 1-15-residue peptide, we used the
digests to stimulate the proliferation of the murine T cell
PGPR?7.5 clone, which is specific to the 1-15-residue fragment
of MBP (37). MBP was cleaved by MMP-2, MMP-8, MMP-9,
MMP-12, MMP-14, and MMP-25. The irradiated splenocytes
from B10.PL mice were co-incubated with the digests. The
PGPR7.5 T cells and [PH]thymidine were then added to the
reactions. The incorporation of the label into the T cells was
measured by liquid scintillation counting. The digest products
were internalized and presented by the splenocytes, and then
the presented peptides stimulated the proliferation of the spe-
cific PGPR7.5 T cells. As a control, we used the synthetic
ASQKRPSQRSKYLATAS peptide (5 um) that corresponded to
the 2—18-residue sequence of murine MBP and the stimulatory
effect of which we took as 100%. The MMP-2, MMP-14, and
MMP-25 digest of MBP resulted in a similarly high, 43—46%,
level of proliferation of PGPR7.5 T cells compared with the
equimolar amount of the ASQKRPSQRSKYLATAS peptide,
thus suggesting a high yield of the specific immunogenic frag-
ment in the digest (Fig. 3). A comparable level of stimulation of
the specific PGPR7.5 T cell clone was observed when the
MMP-25 digest of BG21 was used in the T cell proliferation
assay (25).

MMP-25, Furin, and PC2, and BG21 Are Up-regulated in the
Activated Macrophages—W e then determined if the activated
macrophages overexpressed PCs, MMPs, and their Golli-MBP
substrates. To mimic inflammation, the macrophages were
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FIGURE 5. Immunostaining of PC2 and MMP-25. A, macrophage RAW264.7
cells and the murine BMDM were grown in the LabTek chamber slides. The
cells were left intact (—LPS) or stimulated 24 h with LPS (1 ng/ml). The cells
were fixed, permeabilized, and stained with the PC2 antibody (Ab) followed
by the secondary antibody conjugated with Alexa Fluor 488 (green) or Alexa
Fluor 594 (red). Staining with the preimmune rabbit serum (control antibody)
was negative. The nuclei were stained with 4',6-diamidino-2-phenylindole
(blue). B, macrophage RAW264.7 cells were grown in the LabTek chamber
slides. The cells were left intact (—LPS) or stimulated 24 h with LPS (1 wg/ml).
The cells were fixed and stained with the MMP-25 antibody. Breast carcinoma
MCF?7 cells stably transfected with MMP-25 (MCF-MMP-25) or the empty plas-
mid (MCF-mock) were used as controls. Inset, cell surface staining of MMP-25.
The nuclei were stained with 4’,6-diamidino-2-phenylindole (blue). Original
magnification X400; the bar, 10 um.
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MMP-25 was incubated for 2 h at 37 °C with furin and PC2 (1 activity unit
each). The mass of the cleavage peptides was determined using MALDI-TOF
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molecular mass of the peptides. Where indicated, the PCinhibitor (dec-RVKR-
c¢mk) was added to the reactions. The mass of the intact peptide was 1332 Da
(underlined). The mass of the VRRRRR cleavage product was 898 Da.
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FIGURE 7. Furin proteolysis of MBP and activation of the specific T cell clone. A, furin proteolysis of the MBP
isoforms. MBP, J37, and BG21 were incubated for 3 h at 37 °C with furin at an enzyme/substrate molar ratio of
1:4. The digest reactions were analyzed by SDS-gel electrophoresis followed by Coomassie staining. Where
indicated, dec-RVKR-cmk was added to the reactions. B, 1-171-residue sequence of human MBP (GenBank™
accession number AAH08749). The immunogenic regions are shown at the bottom of the panel using the MBP
residue numbering. Following the MBP cleavage by MMPs, the mass and, consecutively, the sequence of the
digest fragments was determined by MALDI-TOF MS. The italicized numbers indicate the positions of the
cleavage ssites. C, furin proteolysis of MBP generates the N-terminal peptide that stimulates the proliferation of
the specific T cell clone. MBP, BG21, and J37 (5 um each) were co-incubated for 3 h at 37 °C with furin at an
enzyme/substrate molar ratio of 1:4. The irradiated splenocytes from B10.PL mice were incubated with the
cleavage reactions. The PGPR7.5 T cells specific for the murine MBP-(1-15)-peptide and [*H]thymidine were
then added to the reactions. The incorporation of the label into the T cells was measured by liquid scintillation
counting. MBP, BG21,and J37 alone indicate intact MBP, BG21,and J37 (5 um each) added to the cells. Cells alone
indicates no peptide. Peptide, the 1-15-residue ASQKRPSQRSKYLATAS MBP peptide (5 um) was used as a
control (= 100%). The numbers show the percentage relative to the peptide control. The experiments were
performed in triplicate and repeated twice. The data represent the mean = S.E.

RAW264.7 cells by RT-PCR (sup-
plemental Fig. 1). LPS stimulation of
the cells caused an increase in the
expression of PC2. The Western
blotting and immunostaining analy-
ses confirmed the enhanced expres-
sion of PC2 the LPS-stimulated
macrophages (Figs. 4 and 5).

To determine whether PC2 in
addition to furin can activate
MMP-25, we cleaved the synthetic
192VRRRRRYALS (1332 Da) pep-
tide that spans the furin cleavage
site in the human MMP-25 prodo-
main by using these PCs. The
MALDI-TOF MS analysis identified
the presence of the '°>VRRRRR
cleavage fragment (898 Da) in the
cleavage reactions (Fig. 6), thus
confirming that the MMP-25
zymogen may be activated by both
furin and PC2.

Overall, our data suggested that
PCs (especially PC2 and ubiqui-
tously expressed furin), MMP-25,
and BG21 were specifically up-reg-
ulated in the activated macrophages
thus providing an opportunity for
the activation of the PC/MMP-25/
BG21 cleavage pathway in the in-
flammatory activated macrophages.
Furthermore, Western blots con-
firmed the expression of BG21 in
RAW?264.7 cells and also detected
the presence of the BG21 fragments
in the LPS-treated cells. The BG21
fragments we observed in the LPS-
stimulated RAW?264.7 cells were
similar to those that have been gen-
erated by MMP-25 proteolysis of
the purified BG21 (Fig. 4).

High Levels of Furin Directly Con-
tribute to the MBP Cleavage—In
contrast with MMP-25, only ex-
ceedingly high levels of furin are
capable of directly cleaving the MBP

stimulated by LPS. As determined by Q-RT-PCR, LPS caused a
several-fold increase of the BG21 mRNA levels both in the bone
marrow-derived macrophages and RAW?264.7 macrophages
cells (Fig. 4). RT-PCR also readily detected a significant increase
in the expression levels of MMP-25 in the LPS-stimulated
RAW264.7 macrophages, although there was no change in
other individual MMPs. The analysis of the RAW264.7 cell
lysates using Western blotting and immunostaining with the
MMP-25 antibody corroborated the up-regulation of MMP-25
in the LPS-primed macrophage cells (Figs. 4 and 5).

The expression of several PCs, including furin, PC2, PACE4,
and PC7, was also confirmed in the intact and LPS-stimulated
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isoforms in the in vitro reactions. At an enzyme/substrate
molar ratio of 1:4, there was a noticeable level of furin pro-
teolysis of MBP, BG21, and J37. As a result, the N-terminal
immunogenic fragments of MBP were generated. The cleav-
age map, the sequence, and the mass of the digest peptides
are shown in Fig. 7 and supplemental Table S2. High levels of
furin, which are required for the direct cleavage of MBP,
suggest that in vivo PCs serve to activate macrophage
MMP-25 rather than to accomplish themselves the degrada-
tion of the MBP isoforms.

In Vitro Cleavage of CRYAB by MMPs—To provide biochem-
ical evidence that the activated MMP-25 and other individual
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FIGURE 8. Multiple MMPs cleave CRYAB. A, purified 1-175 human crystallin aB was co-incubated with the
individual MMPs at the indicated enzyme/substrate molar ratio. Where indicated, an inhibitor (GM6001) was
added to the reactions. B, quantification of MMP proteolysis of CRYAB. The images shown in A were scanned
and digitized. The ratios of the intact CRYAB (27-28 kDa) to the major digest product (25-26 kDa) are shown for
the individual MMPs (the 1:1000 enzyme/substrate ratio except the 1:100 ratio which was used to calculate the
data with MMP-24). The experiments were repeated 4-5 times with comparable results. The data from one
representative experiment are shown.

MMPs. The digests were then ana-
lyzed by gel electrophoresis and also
by MALDI-TOF MS to determine
the mass and, consecutively, the
sequence of the resulting digest
fragments (Fig. 8 and supplemental
Table S3). CRYAB was sensitive to
proteolysis by multiple MMPs.
Thus, MMP-8, MMP-10, MMP-12,
MMP-14, MMP-24, and especially
MMP-25 initiated the digestion of
CRYAB at an enzyme/substrate
ratio of 1:1000, whereas the proteo-
lytic effect of MMP-9, MMP-15,
MMP-16, and MMP-17 were sig-
nificantly less visible. As a result
of MMP proteolysis, including
MMP-25 proteolysis, the known
immunogenic 1-16-, 153-168-,
and 73-83-residue fragments of
CRYAB were readily detected in
the digest reactions by MALDI-
TOF MS (Fig. 9).

DISCUSSION

MS is an autoimmune degenera-
tive disease of the central nervous
system. Environmental risk factors,
including multiple viral and bacte-
rial infections, vitamin D deficiency,
and probably the resulting inflam-
mation, appear to play a role in the
onset of MS in humans. Several
MMP family members contribute to
pathology in MS and EAE (38 -42).
The existing data suggest that there
are links among MMP proteolysis of
MBP, demyelination, and MS (21).
Theses events cause an MBP defi-
ciency, myelin sheath destruction,
and axon degeneration leading to
MS. When fragmented, MBP gen-
erates several peptides that are
potent immunogens (1, 43-46).
EAE is an animal model of auto-
immune MS. Immunization with
MBP fragments induces autoim-
mune demyelinating EAE in ani-
mals. Several fragments of MBP
are known to generate EAE effi-
ciently (34-36).

There are, however, several forms
of MBP. The expression of the clas-
sic MBP transcripts is restricted to
myelin-forming cells. In turn, the

splice variants of MBP called Golli-MBP BG21 and J37 (in mice)
are expressed in the thymus, spleen, and lymph nodes and in
the myeloid lineage cells. Because of the presence of the
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FIGURE 9. MMPs proteolysis of CRYAB generates the immunogenic fragments. A, 1-175-residue sequence of the human crystallin aB construct tagged
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30624 JOURNAL OF BIOLOGICAL CHEMISTRY

VOLUME 284 -NUMBER 44 -OCTOBER 30, 2009



ANTIGEN-PRESENTING MACROPHAGE BRAIN
MULTIPLE MMPs
NEURONAL MBP
AUTOIMMUNE PHASE, PHASE 1 PHASE 2
@MBP digest fragments  EXPERIMENTAL AUTOIMMUNE
ENCEPHALOMYELITIS (EAE)

FIGURE 10. Inflammatory proteolytic pathway to MS. Phase 1, persistent
inflammation caused by viral and bacterial infections and other related fac-
tors up-regulates PCs (furin and PC2), MMP-25, and BG21 (up arrows) in the
stimulated antigen-presenting macrophages. Autoactivated PCs activate
MMP-25, which then cleaves BG21 (the down arrows). The immunogenic frag-
ments of the MBP portion of BG21 are presented in the major histocompati-
bility complex on the cell surface leading to the activation of the specific
populations of the autoimmune T cells. Phase 2, if the brain barrier is not
intact, the activated T cells home to the brain, attack the neuronal MBP, and
cause inflammation leading to the macrophage infiltration and the follow-up
up-regulation of the activity of multiple MMP types, many of which contrib-
ute to the further destruction of MBP and to the local demyelination causing
plague formation.

common exons in MBP and its Golli variants, their fragmen-
tation can generate similar immunogenic peptides (7, 9).

We have the biochemical evidence that the proteolysis of
Golli-MBPs by lipid-raft-associated MMP-25 plays a highly
important role in the origin of MS. In contrast to other individ-
ual MMPs, MMP-25 is primarily expressed in the normal bone
marrow and the bone marrow-derived cells, including the anti-
gen-presenting macrophages. The propeptide of MMP-25
exhibits the furin cleavage motif, and as a result, MMP-25 is
activated by furin and related PCs. According to our in vitro
cleavage data, MMP-25 is superior to all of the other MMPs in
cleaving the MBP and Golli-MBP isoforms. MMP-25 proteoly-
sis of the MBP isoforms efficiently generates the immunogenic
peptide sequence that selectively stimulates the proliferation of
the T cell clone isolated from mice with EAE. PCs (especially
furin and PC2), MMP-25, Golli-MBP, and the fragmentation of
the latter are up-regulated in the activated macrophages under
the conditions that mimic inflammation in vivo. The fragments
of Golli-MBP we observed in the stimulated macrophages were
similar to those we generated by MMP-25 proteolysis of the
purified Golli-MBP using the in vitro cleavage reactions.

Our data also suggest that, in addition to the proteolysis of
Golli-MBP, MMP-25 is effective in fragmenting CRYAB, a sup-
pressor of MS (13). As aresult, we now believe that in the course
of inflammation caused by environmental risk factors MMP-25
is likely to play a dual role as follows: (i) the proteinase can
inactivate CRYAB in the macrophages and decrease the sup-
pressive effect of CRYAB in MS, and (ii) the proteinase can
stimulate the degradation of Golli-MBP, thus initiating the
autoimmune processes and increasing the predisposition for
the development of MS in the affected patients.

Collectively, our experimental results suggest that there is a
proteolytic pathway that is activated in inflammation and that
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the activation of this pathway in the course of viral and bacterial
infections is a step to autoimmune MS (Fig. 10). We now believe
that MMP-25 plays an important role in this pathway and that
MMP-25, especially because of its restricted cell/tissue expres-
sion pattern and its cell surface/lipid raft localization, is a prom-
ising drug target in MS.
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